Adipose tissue was historically regarded as an inert depot for triacylglycerol storage; however, it is now recognised as a major endocrine organ that is central to whole-body metabolic homeostasis. The adipocyte exerts its effects on lipid and carbohydrate use by producing and releasing peptides/hormones that signal to other tissues to convey biological signals. Indeed, the concept of metabolic 'crosstalk' between adipose tissue and other key organs that regulate metabolism is the subject of much research.
Obesity is characterised by adipocyte hypertrophy, an expanded visceral and subcutaneous adipose tissue mass and altered cellular biology [1] . While obesity is undoubtedly a major risk factor for insulin resistance, the factors linking these pathologies are not well defined. Currently, there are two prevailing views to explain this link. The lipocentric view is that excessive lipolysis in an expanded adipose tissue mass results in an oversupply of NEFA to peripheral metabolic tissues that are not equipped to store excess lipids. The resulting ectopic lipid deposition activates serine/ threonine kinases (i.e. c-Jun N-terminal kinase [JNK] , inhibitor of κB kinase, conventional protein kinase C) that directly disrupt insulin signal transduction [2] . In severe cases, ectopic lipid accumulation induces lipotoxic cell death [3] . An alternative view is that obesity generates a chronic low-grade inflammatory response. This is characterised by abnormal cytokine production (e.g. TNFα, IL-6), mostly in adipocytes, but also in macrophages that are recruited to, and reside in, adipose tissue. These, in turn, activate the aforementioned serine/threonine kinases in metabolic tissues to inhibit insulin action [4] . The likelihood is that both mediators, and others, contribute to insulin resistance in human obesity.
In this issue of Diabetologia, Eckardt and colleagues [5] have provided new evidence that the endocannabinoid system (ECS) is directly involved in the negative crosstalk between adipose tissue and skeletal muscle, thereby adding endocannabinoids to the growing list of adipocyte-derived factors that mediate skeletal muscle insulin resistance. Endocannabinoids are a family of lipid ligands derived from cell membrane phospholipids that bind and activate the type 1 and type 2 cannabinoid receptors (CB1R and CB2R), encoded by CNR1 and CNR2, respectively. Stimulation of the endocannabinoid system, mainly via CB1R, increases food intake, promotes weight gain, induces lipogenesis in liver and adipose tissue and causes whole body glucose intolerance [6] . The ECS is overactivated in obesity [7] , and studies in Cnr1 −/− mice reveal a lean phenotype that is resistant to diet-induced obesity [8] . Although endocannabinoids are implicated in the development of obesity through central and peripheral mechanisms, the tissue-specific contribution of the ECS to metabolic regulation, particularly in skeletal muscle, is incompletely described.
Using skeletal muscle myotubes originating from human biopsies, Eckardt et al. [5] reported that the endogenous endocannabinoid, anandamide (AEA), decreases insulinstimulated glucose uptake at high doses and that the addition of a specific CB1R antagonist to muscle cells restored insulin sensitivity. Unsurprisingly, the insulin resistance generated by AEA in muscle cells was associated with an attenuation of insulin signal transduction. Interestingly, though, there was selectivity in this suppression, with evidence of enhanced IRS1 (Ser 307) phosphorylation and reduced Akt (Ser 473) phosphorylation (both inhibitory), yet no effects on Akt (Thr 308) or glycogen synthase kinase 3α/β phosphorylation were observed. The authors also assessed some potential mediators of the insulin resistance. AEA rapidly increased phosphorylation of extracellular regulated kinase 1/2 and p38 mitogen-activated protein kinase; however, the contribution of these kinases to insulin resistance was not established (Fig. 1) . JNK activation, which has consistently been implicated in the development of skeletal muscle insulin resistance, was not affected. These findings are in contrast to those of previous work showing that endocannabinoids activate the phosphatidylinositol 3-kinase/Akt signalling pathway in other cell types and enhance the sensitivity of adipocytes to insulin [9] . In light of this, the relatively long treatment with AEA could result in transcriptional activation of lipid synthesis pathways and intracellular lipid accumulation, as occurs in adipocytes [10] . The difference here is that adipocytes have evolved to efficiently store lipids, whereas the deposition of lipid metabolites such as ceramide and diacylglycerol cause insulin resistance in muscle.
Next, the authors established a link between adipose tissue endocannabinoid secretion and skeletal muscle insulin resistance. To achieve this, primary adipocytes were generated from human adipose tissue, and muscle cells were treated with conditioned media from these adipocytes. Not surprisingly, the conditioned media induced insulin resistance in muscle but, importantly, treating cells with the selective CB1R antagonist rimonabant partially reversed the insulin resistance. Perhaps the most significant aspect of these experiments was that the conditioned media contained endocannabinoids at concentrations ∼300-1,000 times below those detected in human plasma (∼3 nmol/l) and in the aforementioned AEA experiments. This implies that CB1R is extremely sensitive to a complex mixture of endocannabinoids, rather than one endocannabinoid in isolation, and/or that interactions of endocannabinoids with other adipocytereleased factors enhance CB1R signalling. Another unexpected finding was that AEA enhanced basal glucose uptake and that rimonabant decreased glucose uptake in muscle cells. These data indicate that insulin-independent signalling for glucose uptake in muscle is enhanced by the ECS, but is unlikely to involve the well-studied putative glucose-lowering target protein 5′-AMP-activated protein kinase [11, 12] .
Several observations in this paper have added new knowledge to our understanding, not only of the factors regulating skeletal muscle insulin resistance, but also of the involvement of adipose tissue as a pathogenic organ. The Insulin binding to the insulin receptor triggers a signalling cascade involving tyrosine phosphorylation of IRS1, activation of phosphatidylinositol 3-kinase (PI3K), resulting in an increase in phosphatidylinositol-3,4,5-trisphosphate, which is responsible for the recruitment of Akt to the plasma membrane alongside PDK1 phosphatidylinositol-dependent kinase 1 (PDK1). It is here that Akt is phosphorylated at Thr308 (activation loop site) by PDK1 and at Ser473 (hydrophobic motif site) by mammalian target of rapamycin complex 2 (mTORC2). Release of endocannabinoids from adipocytes and activation of CB1R in muscle activates extracellular regulated kinase (ERK) and p38 mitogen-activated protein kinase (MAPK), which, in turn, leads to phosphorylation of IRS1 Ser307 and inhibition of insulin signalling. CB1R activation is also hypothesised to blunt mTORC2 activation, thereby attenuating phosphorylation of Akt Ser473 findings of Eckardt et al. [5] corroborate previous work in mice, which identified the ECS system as an important component of adipose tissue [13] , and supports the view that dysregulation of the ECS in obesity may contribute to skeletal muscle insulin resistance. It also highlights a previously unappreciated direct role of endocannabinoids in skeletal muscle glucose metabolism, independent of metabolic alterations associated with weight loss or changes in other hormones known to influence nutrient metabolism (e.g. adiponectin). From a clinical viewpoint, the data indicate that peripheral therapeutic targeting of the ECS may prove effective at reducing the development of insulin resistance and type 2 diabetes, independent of central nervous system effects, such as anxiety, depression and nausea, that have been linked to CB1R antagonist/inverse agonist treatment [14, 15] . In this regard, the first approved selective CB1R agonist, rimonabant, was recently suspended by the European Medicines Agency due to the risk of serious psychiatric problems, suggesting specific problems with the target/pathway (i.e. CB1R) or off-target effects of the drug. Caution will be paramount to any future therapeutic strategy involving CB1R. Despite this initial step towards understanding the role of the adipocyte-derived endocannabinoids in regulating skeletal muscle glucose homeostasis, much remains to be learned. The factors driving endocannabinoid production in, and release from, adipose tissue in obesity/type 2 diabetes are unresolved, and the contribution of adiposederived endocannabinoids to plasma levels in vivo needs to be established. Individuals with diabetes store more intermuscular fat [16] , and given the remarkable sensitivity of the CB1R to the adipocyte endocannabinoid mixture described by Eckardt et al. [5] , local paracrine signalling could mediate muscle insulin resistance in vivo. A detailed understanding of the cellular and molecular mechanisms by which ECS activation causes skeletal muscle insulin resistance awaits investigation, as does the potential role of the other cannabinoid receptor, CB2R. Knowledge of these pathways may lead to specific therapeutic manoeuvres that bypass CB1R, which may, in turn, circumvent the neural affects that have led to the demise of central nervous system CB1R antagonists as viable therapeutics. Based on our current knowledge of CB1R signalling, one would predict the involvement of serine/threonine kinases and, possibly, excessive lipid metabolite deposition. Some appreciation of prolonged ECS activation and, most importantly, in vivo validation of muscle-specific effects, are important future directions.
Given the beneficial metabolic effects of CB1R antagonists, independent of weight loss, further dissection of the roles of the ECS in skeletal muscle and other metabolic tissues will provide important insights into the therapeutic promise this pathway holds for insulin resistance and type 2 diabetes.
